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1
SEMICONDUCTOR DEVICE HAVING
VERTICAL MOSFET STRUCTURE THAT
UTILIZES A TRENCH-TYPE GATE
ELECTRODE AND METHOD OF
PRODUCING THE SAME

BACKGROUND OF THE INVENTION

1. Field of the Invention

The invention relates to a semiconductor device, and a
method of producing the semiconductor device. Particularly,
the invention is concerned with a technology of increasing the
withstand voltage of a semiconductor device having a semi-
conductor structure (such as a MOSFET structure, IGBT
structure or a diode structure) using a trench-type electrode.

2. Description of Related Art

A technology of constructing a semiconductor structure
(such as MOSFET, IGBT, or diode) that functions as a semi-
conductor device, in a semiconductor substrate in which a
body region of a first conductivity type (e.g., p-type) is lami-
nated on a surface of a drift region of a second conductivity
type (e.g., n-type), has been developed. In this type of semi-
conductor device, trench-type electrodes may be used. In this
connection, there is known a technology of increasing the
withstand voltage of the semiconductor device and suppress-
ing or preventing breakdown of the semiconductor device, by
increasing the thickness of an insulating film that fills a bot-
tom portion of each trench, so as to relax an electric field in the
bottom portion of the trench. The related art as described
above is disclosed in, for example, Japanese Patent Applica-
tion Publication No. 10-98188 (JP 10-98188 A).

However, in the semiconductor device of JP 10-98188 A,
t00, breakdown may occur when an electric field that is higher
than an allowable electric field allowed to be applied to the
thick insulating film in the bottom portion of the trench is
applied to the insulating layer. In this case, carriers may flow
into a gate electrode, through a gate oxide film of the trench-
type electrode, and may affect the gate insulating film.

SUMMARY OF THE INVENTION

The invention provides a semiconductor device using a
trench-type electrode, which is constructed so that the occur-
rence of breakdown has a reduced influence on a gate insu-
lating film of the semiconductor device.

A semiconductor device according to a first aspect of the
invention includes, a semiconductor substrate including a
body region of a first conductivity type: a drift region of a
second conductivity type having a surface on or above which
the body region is laminated, a trench that extends from a
surface of the semiconductor substrate into the drift region
through the body region, and a source region of the second
conductivity type located adjacent to the trench in a range
exposed to the surface of the semiconductor substrate, the
source region being isolated from the drift region by the body
region; a source electrode electrically connected to the source
region; a drain electrode formed on a rear surface of the
semiconductor substrate; a specific layer that is disposed on a
bottom of the trench, and has a characteristic of forming a
depletion layer at a junction between the specific layer and the
drift region; an insulating layer that covers an upper surface of
the specific layer and a side wall of the trench; a gate electrode
formed within the trench covered with the insulating layer;
and a conductive portion formed on a part of the side wall of
the trench in a depth direction of the semiconductor substrate,
along the side wall of the trench, the conductive portion
having a first end portion that is joined to the specific layer,
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and a second end portion that reaches the surface of the
semiconductor substrate, the conductive portion being con-
nected to the source electrode.

According to the first aspect of the invention, the specific
layer is formed in a bottom portion of the trench. In operation,
a depletion layer is formed at a junction between the specific
layer and the drift region, and the specific layer connected to
the source electrode via the conductive portion and the drift
region function as a diode. The junction between the specific
layer and the drift region is located at a lower level than an
interface between the drift region and the body region. With
this arrangement, an electric field at the bottom of the trench
can be relaxed. Also, with this arrangement, when a high
electric field is applied between the drain electrode and the
source electrode, the junction between the specific layer and
the drift region is designed to break down earlier than the
insulating layer that covers the inner walls of the trench. Since
carriers produced at the time of breakdown are controlled to
escape from the specific layer to the source electrode, the
insulating layer covering the inner walls of the trench is less
likely or unlikely to be influenced by the breakdown.

Also, since the specific layer is designed to function as a
diode, a diode-integrated-type semiconductor device can be
produced. Namely, a semiconductor device in which a tran-
sistor and a diode are integrated in the direction of the depth
of'the semiconductor substrate can be produced. Accordingly,
the chip area can be reduced as compared with a semiconduc-
tor device in which a transistor and a diode are integrated in
the direction of the plane of the semiconductor substrate (i.e.,
a semiconductor device in which a transistor and a diode are
formed in the same plane).

Inthe semiconductor device according to the first aspect of
the invention, the specific layer may be a metal layer, and a
Schottky junction may be formed at the junction between the
specific layer and the drift region.

With the above arrangement, the specific layer and the drift
region can function as a Schottky barrier diode. The use of the
Schottky barrier diode leads to reduction of a voltage drop in
the forward direction and increase of the switching speed, as
compared with the case where a PN junction type diode is
used.

Inthe semiconductor device according to the first aspect of
the invention, the conductive portion may be the same metal
layer as that of the specific layer.

With the above arrangement, the process of producing the
semiconductor device can be simplified.

Inthe semiconductor device according to the first aspect of
the invention, the conductive portion may be formed by a
semiconductor region of the first conductivity type, and the
first end portion of the conductive portion may be joined to the
specific layer as the metal layer.

The first end portion of the first-conductivity-type conduc-
tive portion and the specific layer in the form of a metal layer
are joined to each other, to form a Schottky junction. In this
case, the direction in which electric current flows when the
trench operates as a transistor is the reverse of the forward
direction of the Schottky junction between the conductive
portion and the specific layer. When a voltage is applied
between the source electrode and the drain electrode so thata
forward bias voltage is applied to the transistor, a reverse bias
voltage is applied to the Schottky junction between the con-
ductive portion and the specific layer. As a result, a depletion
layer widens, and the specific layer and the source electrode
are electrically disconnected from each other, so that the
specific layer is brought into a floating condition. Thus, the
Schottky junction between the specific layer and the drift
region can be used as a withstand voltage supporting portion.
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Also, when a voltage is applied between the source electrode
and the drain electrode so that a reverse bias voltage is applied
to the transistor, a forward bias voltage is applied to the
Schottky junction between the conductive portion and the
specific layer, so that the specific layer and the source elec-
trode are electrically connected to each other. Thus, the spe-
cific layer and the drift region can function as a Schottky
barrier diode.

In the semiconductor device according to the first aspect of
the invention, the thickness of the insulating layer that covers
the upper surface of the specific layer may be larger than that
of the insulating layer that covers the side wall of the trench.

With the above arrangement, an electric field that appears
in the bottom portion of the trench can be relaxed, so that the
withstand voltage of the semiconductor device can be further
increased.

In the semiconductor device according to the first aspect of
the invention, the trench may be formed in a rectangular shape
having long sides and short sides, when observed from the
surface of the semiconductor substrate, and the conductive
portion may be located adjacent to at least a part of the side
wall of the trench located at each of the short sides thereof,
while the source region may be located adjacent to at least a
part of the side wall of the trench located at each of the long
sides thereof.

With the above arrangement, the trench can function as a
transistor, using the side wall of the trench located at each
long side thereof, and the bottom portion of the trench can
function as a diode, using the side wall of the trench located at
each short side thereof. Thus, the semiconductor device in
which the transistor and the diode are integrated in the direc-
tion of the depth of the semiconductor substrate can be pre-
pared.

A method of producing the semiconductor device as
described above according to a second aspect of the invention
includes a trench forming step of forming at least one trench
that extends from the surface of the semiconductor substrate
in which the body region of the first conductivity type is
laminated on the surface of the drift region of the second
conductivity type, into the drift region, through the body
region, a specific layer forming step of forming a specific
layer on a bottom of the trench, a conductive portion forming
step of forming a conductive portion on a side wall of the
trench, a first insulating layer forming step of forming a first
insulating layer on inner walls of the trench, a first etching
step of etching the first insulating layer formed in the first
insulating layer forming step, so that the lowest point of an
upper surface of the first insulating layer formed in the first
insulating layer forming step, within the trench, is located at
alower level than an interface between the drift region and the
body region, and a second insulating layer forming step of
forming a second insulating layer on the side wall of the
trench.

According to the second aspect of the invention, the spe-
cific layer can be formed in a bottom portion of the trench.
Also, the specific layer is electrically connected to the source
electrode via the conductive portion, so that the specific layer
and the drift region can function as a diode. The junction
between the specific layer and the drift region can be formed
so as to be located at a lower level than the interface between
the drift region and the body region. With this arrangement,
an electric field that appears in the bottom portion of the
trench can be relaxed. Also, when a high electric field is
applied between the drain electrode and the source electrode,
the junction between the specific layer and the drift region is
designed to break down earlier than the insulating layer that
covers the inner walls of the trench, so that the insulating layer
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that covers the inner walls of the trench is less likely or
unlikely to be influenced by the breakdown.

In the method according to the second aspect of the inven-
tion, the trench may be formed in a rectangular shape having
long sides and short sides, when observed from the surface of
the semiconductor substrate, in the trench forming step, and
the conductive portion forming step may be the same step as
the specific layer forming step, while a metal layer that pro-
vides the specific layer and the conductive portion may be
formed on the inner walls of the trench in the specific layer
forming step. A second etching step may be further provided
for removing portions of the metal layer which cover side
walls of the long sides of the trench, such that portions of the
metal layer which cover side walls of the short sides of the
trench remain.

In the above-described manner, the conductive portions
that extend in the direction of the depth of the semiconductor
substrate along the side walls (short sides) of the trench are
formed from the same metal layer as used for the specific
layer, on respective parts of the side walls of the trench. Also,
the specific layer located in the bottom portion of the trench
and the conductive portions located on parts of the side walls
of the trench are integrally formed, so that the conductive
portions and the specific layer can be securely joined together.
Also, an additional or new step of producing the conductive
portions need not be provided, so that the process of produc-
ing the semiconductor device can be simplified.

In the method according to the second aspect of the inven-
tion, the trench may be formed in a rectangular shape having
long sides and short sides, when observed from the surface of
the semiconductor substrate, in the trench forming step, and a
metal layer that provides the specific layer may be formed in
the specific layer forming step, while a second etching step
may be further provided for removing portions of the metal
layer which cover side walls of the short sides of the trench
and side walls of the tong sides of the trench. The conductive
portion forming step may be carried out between the second
etching step and the first insulating layer forming step, and the
conductive portion forming step may include an ion implant-
ing step of implanting ions into each of the side walls of the
short sides of the trench, at an angle inclined relative to a
vertical upward direction of the semiconductor substrate, so
that a semiconductor region of a first conductivity type that
extends in a depth direction of the semiconductor substrate
along the side wall of the trench is formed on a part of each of
the side walls of the short sides of the trench.

In the above-described manner, the conductive portions
that are located on parts of the side walls of the trench and
extends in the direction of the depth of the semiconductor
substrate along the side walls of the trench can be formed by
the first-conductivity-type semiconductor regions. Thus,
when areverse bias voltage is applied to the Schottky junction
between each conductive portion and the specific layer, the
specific layer can be brought into a floating condition, and the
Schottky junction between the specific layer and the drift
region can be used as a withstand voltage supporting portion.

BRIEF DESCRIPTION OF THE DRAWINGS

Features, advantages, and technical and industrial signifi-
cance of exemplary embodiments of the invention will be
described below with reference to the accompanying draw-
ings, in which like numerals denote like elements, and
wherein:

FIG. 1 is a plan view showing a semiconductor device
according to a first embodiment of the invention;

FIG. 2 is a cross-sectional view taken along line in FIG. 1;
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FIG. 3 is a cross-sectional view taken along line in FIG. 1;

FIG. 4 is aview (No. 1) showing a process of producing the
semiconductor device according to the first embodiment of
the invention;

FIG. 5 is a view (No. 2) showing the process of producing
the semiconductor device according to the first embodiment
of the invention;

FIG. 6 is a view (No. 3) showing the process of producing
the semiconductor device according to the first embodiment
of the invention;

FIG. 7 is a view (No. 4) showing the process of producing
the semiconductor device according to the first embodiment
of the invention;

FIG. 8 is a view (No. 5) showing the process of producing
the semiconductor device according to the first embodiment
of the invention;

FIG. 9 is a view (No. 6) showing the process of producing
the semiconductor device according to the first embodiment
of the invention;

FIG. 10 1s aview (No. 7) showing the process of producing
the semiconductor device according to the first embodiment
of the invention;

FIG. 11 is aview (No. 8) showing the process of producing
the semiconductor device according to the first embodiment
of the invention;

FIG. 12 is aview (No. 9) showing the process of producing
the semiconductor device according to the first embodiment
of the invention;

FIG. 13 is a view (No. 10) showing the process of produc-
ing the semiconductor device according to the first embodi-
ment of the invention;

FIG. 14 is a view (No. 11) showing the process of produc-
ing the semiconductor device according to the first embodi-
ment of the invention;

FIG. 15 is a view (No. 12) showing the process of produc-
ing the semiconductor device according to the first embodi-
ment of the invention;

FIG. 16 is a view (No. 13) showing the process of produc-
ing the semiconductor device according to the first embodi-
ment of the invention;

FIG. 17 is a cross-sectional view showing a semiconductor
device according to a second embodiment of the invention;

FIG. 18 is a cross-sectional view showing the semiconduc-
tor device according to the second embodiment of the inven-
tion;

FIG. 19 is a view (No. 1) showing a process of producing
the semiconductor device according to the second embodi-
ment of the invention;

FIG. 20 is aview (No. 2) showing the process of producing
the semiconductor device according to the second embodi-
ment of the invention;

FIG. 21 is aview (No. 3) showing the process of producing
the semiconductor device according to the second embodi-
ment of the invention;

FIG. 22 is aview (No. 4) showing the process of producing
the semiconductor device according to the second embodi-
ment of the invention;

FIG. 23 is aview (No. 5) showing the process of producing
the semiconductor device according to the second embodi-
ment of the invention;

FIG. 24 is aview (No. 6) showing the process of producing
the semiconductor device according to the second embodi-
ment of the invention; and

FIG. 25 is a cross-sectional view showing a semiconductor
device as a modified example of the first or second embodi-
ment of the invention.
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DETAILED DESCRIPTION OF EMBODIMENTS

Main features of embodiments of the invention which will
be described below will be listed. (Feature 1) A semiconduc-
tor structure formed in a cell area is a MOSFET structure.

A semiconductor device according to one embodiment of
the present invention will be described in detail with refer-
ence to the drawings. As shown in FIG. 1, the semiconductor
device 100 is produced using a semiconductor substrate 102
having an outer periphery 104. The semiconductor substrate
102 is divided into a cell area 105 (within a frame X indicated
by a broken line in FIG. 1) in which the semiconductor
structure that performs transistor actions is incorporated, and
a terminal area 107 that surrounds the cell area 105. Six
trenches 113 are formed in the cell area 105 so as to extend in
the vertical direction in FIG. 1 (or x direction denoted in FI1G.
1). The number of trenches 113 is not limited to six, but may
be set to any number as desired.

Referring to FIG. 2 and FIG. 3, the internal structure of the
semiconductor device 100 will be described. The semicon-
ductor device 100 uses silicon carbide (SiC). As shown in
FIG. 2, the semiconductor substrate 102 is formed by lami-
nating an n+ drain region 111, n— drift region 112, and a p-
body region 141 in the order of description, as viewed in a
direction from the rear surface to the surface (top face) of the
substrate 102 (from the lower side to the upper side in FIG. 2).
Since SiC has a smaller impurity diffusion coefficient than Si,
it is difficult to form the body region 141 by impurity diffu-
sion. In this embodiment, the body region 141 is formed by
epitaxial growth.

Each of the trenches 113 extends from the surface 101 of
the semiconductor substrate 102 into the drift region 112,
through the body region 141. When observed from the surface
of the semiconductor substrate 102, the trench 113 is formed
in a rectangular shape having long sides and short sides. The
bottom of the trench 113 is covered with a specific layer 181.
Side walls of the trench 113 located at the short sides thereof
are covered with electrically conductive portions 182. Source
regions 131 are formed adjacent to at least parts of side walls
of'the trench 113 located at the long sides. The specific layer
181 and the conductive portions 182 are integrally formed
from the same metal layer (titanium (T1) layer), The thickness
of the specific layer 181 (as measured in a direction perpen-
dicular to the bottom of the trench 113) is substantially equal
to the thickness of the conductive portions 182 (as measured
in a direction perpendicular to the side walls of the trench
113).

An oxide film 171 is formed on a surface of the specific
layer 181. A gate oxide film 172 is formed on surfaces of the
conductive portions 182. The gate oxide film 172 is also
formed on the side walls of the trench 113 located at the long
sides thereof, as shown in FIG. 2. The specific layer 181 is in
contact with a bottom surface 1714 of the oxide film 171. A
bottom surface 181a of the specific layer 181 is in contact
with the drift region 112. Each of the conductive portions 182
contacts at its side faces with the gate oxide film 172, the drift
region 112 and the body region 141. The conductive portion
182 has a first end portion 182a as a lower end portion, which
is joined to the specific layer 181. The conductive portion 182
has a second end portion 1825 as an upper end portion, which
is exposed to the surface of the semiconductor substrate 102.
The bottom surface 171a of the oxide film 171 is located at a
lower level than an interface between the drift region 112 and
the body region 141. The gate oxide film 172 extends down to
a lower level than the interface between the drift region 112
and the body region 141. The thickness of the oxide film 171
(as measured in a direction perpendicular to the bottom of the
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trench 113) is larger than the thickness of the gate oxide film
172 (as measured in a direction perpendicular to the side walls
of the trench 113).

A gate electrode 122 is embedded in the trench 113, such
that the gate electrode 122 is insulated from the semiconduc-
tor substrate 102, specific layer 181 and the conductive por-
tions 182, by the gate oxide film 172 and the oxide film 171,
For example, the gate electrode 122 is formed of polysilicon.
The gate electrode 122 extends from the surface of the body
region 141 into the drift region 112, through the body region
141. In other words, the bottom surface of the gate electrode
122 is located at a lower level than the interface between the
drift region 112 and the body region 141.

As shown in FIG. 2, n+ source regions 131 are formed in
the surface 101 of the semiconductor substrate 102 at posi-
tions adjacent to the trench 113. Also, p+ body contact regions
132 are formed in the vicinity of the source regions 131. A
source electrode 133 is formed on the surfaces of the source
regions 131 and body contact regions 132. The source elec-
trode 133 is connected to a source wiring S. Also, the source
electrode 133 is connected to a part of the surface of the
second end portion 1825 of each conductive portion 182.

The gate electrode 122 is connected to a gate wiring G. A
gate voltage is applied to the gate electrode 122. The gate
electrode 122 is insulated from the source electrode 133 and
the source wiring S. The gate voltage is used for controlling
flow of electric current in the cell area 105. The n+ drain
region 111 is connected to a drain wiring D. The drain wiring
D is connected to a positive potential, and the source wiring S
is grounded. In the cell area 105, a vertical power MOSFET
transistor structure is formed by the source region 131, body
region 141, drift region 112, drain region 111 and the gate
electrode 122.

The operation of the semiconductor device 100 will be
described. The semiconductor device 100 is used in a condi-
tion where the source wiring S is grounded and kept at the
ground (GND) potential, and a positive voltage is applied to
the drain wiring D. If a positive voltage is applied to the gate
electrode 122, an inversion layer that provides a channel is
formed in a region of the body region 141 which faces the gate
electrode 122, thus achieving electrical conduction between
the source region 131 and the drain region 111. If no positive
voltage is applied to the gate electrode 122, no current flows
between the source region 131 and the drain region 111. Thus,
the semiconductor device 100 performs transistor actions.

Effects of the semiconductor device 100 according to this
embodiment will be described. In the semiconductor device
100 of this embodiment shown in FIG. 2, the specific layer
181 is formed on the bottom of the trench 113. Since the
specific layer 181 forms a depletion layer at a junction with
the drift region 112, and the specific layer 181 is connected to
the source electrode 133 via the conductive portions 182, the
specific layer 181 and the drift region 112 function as a diode.
The junction between the specific layer 181 and the drift
region 112 is located at a lower level than the interface
between the drift region 112 and the body region 141. This
arrangement makes it possible to relax an electric field at the
bottom of the trench 113. Also, when a high electric field is
applied between the drain electrode and the source electrode,
the junction between the specific layer 181 and the drift
region 112 is adapted to break down, earlier than the oxide
film 171 and gate oxide film 172 with which the inner walls of
the trench 113 are covered. Further, carriers produced at the
time of breakdown are adapted to escape to the source elec-
trode 133 via the specific layer 181 and the conductive por-
tions 182, so that the gate oxide film 172 is less likely or
unlikely to be influenced by the high electric field.
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Since the specific layer 181 is able to function as a part of
the diode, the semiconductor device 100 can be created as a
diode-integrated semiconductor device. Namely, the semi-
conductor device 100 in which a transistor and a diode are
integrated in the direction of the depth of the semiconductor
substrate 102 can be created. Accordingly, the chip area can
be reduced, as compared with a semiconductor device in
which a transistor and a diode are integrated in the direction of
plane of the semiconductor substrate (i.e., a semiconductor
device in which the transistor and the diode are formed in the
same plane).

Also, the specific layer 181 is a metal layer, and a Schottky
junction is formed at the junction between the specific-layer
181 and the drift region 112; therefore, the specific layer 181
and the drift region 112 are able to function as a Schottky
barrier diode. By using the Schottoky barrier diode, a voltage
drop in the forward direction can be reduced, and the switch-
ing speed can be increased, as compared with the case where
a diode having a PN junction is used.

Since the thickness of the oxide film 171 that covers the
upper surface of the specific layer 181 is larger than the
thickness of the gate oxide film 172 that covers the side walls
of the trench 113, an electric field at the bottom of the trench
113 can be relaxed. As a result, the withstand voltage of the
semiconductor device can be further increased.

When observed from the surface of the semiconductor
substrate 102, the trench 113 is formed in a rectangular shape
having long sides and short sides. The conductive portions
182 are located adjacent to at least parts of the side walls of the
trench 113 located at the short sides, and the source regions
131 are located adjacent to at least parts of the side walls of the
trench 113 located at the long sides. With this arrangement, it
is possible to cause the trench 113 to function as a transistor,
by using the side walls of the trench 113 located at the long
sides thereof, and cause the bottom of the trench 113 to
function as a diode, by using the side walls of the trench 113
located at the short sides thereof. Thus, it is possible to create
a semiconductor device in which the transistor and the diode
are integrated in the direction of the thickness of the semi-
conductor substrate 102.

Next, the process of producing the semiconductor device
100 will be described with reference to FIG. 4 through FIG.
16. F1GS. 4,5,7,9, 11, 13 and 15 are cross-sectional views
each taken along line in FIG. 1. FIGS. 6, 8,10, 12, 14 and 16
are cross-sectional views each taken along line in FIG. 1.
Initially, the body region 141 is formed by epitaxial growth on
the drift region 112. As a result, the semiconductor substrate
102 having the body region 141 in the form of an epitaxial
layer on the drift region 112, as shown in FIG. 4, is prepared.

Next, the source regions 131 and the body contact regions
132 are formed in the semiconductor substrate 102. Then, an
oxide film layer (not shown) is formed by the CVD (Chemical
Vapor Deposition) method on the surface 101 of the semicon-
ductor substrate 102, and a resist layer (not shown) is formed
on the upper surface of the oxide film layer. Then, an opening
(not shown) corresponding to the trench 113 is formed in the
oxide film layer, using a photo-etching technology. The
photo-etching technology means a series of treatments from
photolithography to etching, such as RIE (Reactive lon Etch-
ing). The photo-etching technology will not be described in
detail since known methods can be used. Next, dry-etching is
performed on the body region 141 and the drift region 112,
using the oxide film layer as a mask (trench forming step). In
this manner, the trench 113, which extends from the surface
101 of the semiconductor substrate into the drift region 112
through the body region 141, is formed, as shown in FIG. §
and FIG. 6. The trench 113 is formed in a rectangular shape
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having long sides and short sides, when observed from the
surface of the semiconductor substrate 102.

Next, as shown in FIG. 7 and FIG. 8, a Ti layer, which
provides the specific layer 181 and the conductive portions
182, is formed by vapor deposition, sputtering, or plating,
over the entire area of the surface 101 of the semiconductor
substrate 102 (specific layer forming step and conductive
portion forming step). In this manner, the specific layer 181 is
formed on the bottom of the trench 113, and the conductive
portions 182 are formed on the side walls of the trench 113.
Then, a mask 501 for etching is formed on the surfaces of the
specific layer 181 and the conductive portions 182, as shown
in FIG. 7 and FIG. 8. The mask 501 is formed on the surface
of'the Ti layer formed on the bottom of the trench 113 and the
side walls located at the short sides of the trench 113. The
mask 501 is not formed on portions of the Ti layer which are
formed on the side walls located at the long sides of the trench
113. When a silicon oxide film, or the like, is used as the mask
501, the mask 501 can be patterned by photo-etching, using a
resist, for example. When a resist is used as the mask 501, the
mask 501 can be patterned by photo-etching.

Next, etching of the Ti layer is carried out (second etching
step). The etching conducted in this step is isotropic etching
(wet etching). As a result, portions of the Ti layer which are
not covered with the mask 501 are removed, and only portions
of the Ti layer which provide the specific layer 181 and the
conductive portions 182 remain, as shown in FIG. 9 and FIG.
10. The thickness of the specific layer 181 is substantially
equal to the thickness of the conductive portions 182, and the
specific layer 181 and the conductive portions 182 are inte-
grally formed from the same Ti layer.

After the mask 501 is removed, the oxide film 171 is
deposited over the entire area of the surface 101 of the semi-
conductor substrate 102 by the CVD method, as shown in
FIG. 11 and FIG. 12 (first insulating layer forming step). As a
result, the oxide film 171 is embedded in the trench 113. The
oxide film 171 may be formed of a material, such as TEOS
(Tetra Ethyl Ortho Silicate), BPSG (Boron Phosphor Silicate
Glass), or SOG (Spin on Glass).

Next, etching of the oxide film 171 is carried out (first
etching step), as shown in FIG. 13 and FIG. 14. The etching
conducted in this step is anisotropic etching (RIE). As aresult,
the surface of the body region 141 in the cell area 105 is
exposed. Also, the height of the oxide film 171 filled in the
trench 113 is adjusted. The height is adjusted so that the upper
surface of the oxide film 171 in the trench 113 is located at a
lower level (in FIG. 13 and FIG. 14) than the interface
between the drift region 112 and the body region 141.

Next, the gate oxide film 172 is formed by thermal oxida-
tion on side walls of the trench 113 (second insulating layer
forming step), as shown in FIG. 15 and FIG. 16. The gate
oxide film 172 may also formed from a CVD film, or the like.
Next, polysilicon is deposited on the surface of the semicon-
ductor substrate 102. Then, polysilicon is removed from por-
tions other than the trench 113, by photo-etching. With the
trench 113 thus filled with polysilicon, the gate electrode 122
is formed. Finally, the source electrode and the drain elec-
trode are formed, so that the semiconductor device 100 as
shown in FIG. 1 through FIG. 3 is completed.

Effects obtained from the process of producing the semi-
conductor device 100 of this embodiment will be described.
According to the production process as described above, the
specific layer 181 is formed on the bottom of the trench 113
and the conductive portions 182 are formed on parts of the
side walls of the trench 113. Then, the specific layer 181 and
the conductive portions 182 can be joined together at the first
end portions 182a. The second end portions 1826 of the
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conductive portions 182 are exposed to the surface of the
semiconductor substrate 102, so that the conductive portions
182 can be electrically connected to the source electrode 133.
With this arrangement, the specific layer 181 and the source
electrode 133 are electrically connected to each other, and the
specific layer 181 and the drift region 112 are able to function
as a diode. Also, the junction between the specific layer 181
and the drift region 112 is formed so as to be located at a lower
level than the interface between the drift region 112 and the
body region 141.

In the trench forming step, the trench 113 is formed in the
rectangular shape having the long sides and the short sides,
when observed from the surface of the semiconductor sub-
strate 102. Then, the conductive portion forming step and the
specific layer forming step are carried out as the same step,
and the Ti layer, which provides the specific layer 181 and the
conductive portions 182, is formed on the inner walls of the
trench 113 in the specific layer forming step. Then, in the first
etching step, portions of the Ti layer (the conductive portions
182) which cover the side walls of the trench 113 located at
the short sides are left unetched and remain, and portions of
the Ti layer which cover the side walls of the trench 113
located at the long sides are removed.

In the above manner, the conductive portions 182 that
extend in the direction of the depth of the semiconductor
substrate 102 along the side walls of the trench 113 can be
formed on parts of the side walls of the trench 113, from the
same metal layer as the specific layer 181. Also, the specific
layer 181 located on the bottom of the trench 113 can be
formed integrally with the conductive portions 182 located on
parts of the side walls of the trench 113. Therefore, the con-
ductive portions 182 and the specific layer 181 can be
securely joined together. Also, an additional or new step of
preparing the conductive portions 182 can be omitted; there-
fore, the process of producing the semiconductor device 100
can be simplified.

A second embodiment of the invention is concerned with a
semiconductor device 200 having conductive portions 292 in
the form of p-type semiconductor regions formed integrally
on the semiconductor substrate. Referring to FIG. 17 and
FIG. 18, the internal structure of the semiconductor device
200 will be described. FIG. 17 and FIG. 18 are cross-sectional
views corresponding to FIG. 2 and FIG. 3, respectively, of the
first embodiment. As shown in FIG. 18, each of the conduc-
tive portions 292 contacts at its side faces with an oxide film
272, a drift region 212, and a body region 241. A first end
portion 292q as a lower end portion of the conductive portion
292 is connected to a specific layer 281. A second end portion
292b as an upper end portion of the conductive portion 292 is
exposed to the surface of the semiconductor substrate 202. A
source electrode 233 is connected to a part of the surface of
the second end portion 2925 of the conductive portion 292.
The other arrangement or construction of the semiconductor
device 200 is substantially identical with that of the semicon-
ductor device 100; therefore, other components to which
reference numerals that are larger by 100 than those used in
FIG. 1 through FIG. 3 are assigned will not be repeatedly
explained. Also, the operation of the semiconductor device
200 is substantially the same as that of the semiconductor
device 100 of the first embodiment, and therefore will not be
described in detail.

Effects of the semiconductor device of this embodiment
will be described. In the semiconductor device 200, the con-
ductive portions 292 are formed as p-type semiconductor
regions, and the first end portions 292a of the conductive
portions 292 are joined to the specific layer 281 in the form of
a Ti layer. Therefore, Schottky junctions are formed between
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the conductive portions 292 and the specific layer 281. The
direction in which electric current flows when the trench 213
operates as a transistor is the reverse of the forward direction
of the Schottky junction between the conductive portion 292
and the specific layer 281. Thus, when a voltage is applied
between the source electrode and the drain electrode so thata
forward bias voltage is applied to the transistor, a reverse bias
voltage is applied to the Schottky junction between the con-
ductive portion 292 and the specific layer 281. Therefore, a
depletion layer widens so that the specific layer 281 and the
source electrode 233 are electrically disconnected from each
other, and the specific layer 281 is brought into a floating
condition. As a result, a Schottky junction between the spe-
cific layer 281 and the drift region 212 can be used as a
withstand voltage supporting portion. Also, when a voltage is
applied between the source electrode and the drain electrode
so that a reverse bias voltage is applied to the transistor, a
forward bias voltage is applied to the Schottky junction
between the conductive portion 292 and the specific layer
281. Therefore, the specific layer 281 and the source electrode
233 are electrically connected to each other. Thus, the specific
layer 281 and the drift region 212 can function as a Schottky
barrier diode.

Next, the process of producing the semiconductor device
200 will be described with reference to FIG. 19 through FIG.
24.F1G. 19 and FIG. 21 are cross-sectional views showing the
same cross-section as that of FIG. 17. FIG. 20 and FIG. 22
through FIG. 24 are cross-sectional views showing the same
cross-section as that of FIG. 18. In the process of producing
the semiconductor device 200, steps including and preceding
the specific layer forming step, and steps including and fol-
lowing the first insulating layer forming step are substantially
the same as those of the process of producing the semicon-
ductor device 100 as described above in the first embodiment,
and therefore, will not be described in detail.

After the Ti layer that provides the specific layer 281 is
formed in the specific layer forming step, a mask 601 for
etching is formed on the surface of the specific layer 281, as
shown in FIG. 19 and FIG. 20. The mask 601 is formed on the
surface of the Ti layer formed on the bottom of the trench 213.
The mask 601 is not formed on surfaces of portions of the Ti
layer which are formed on the side walls of the trench 213.
The mask 601 may be patterned in substantially the same
manner as that of the first embodiment.

Next, etching of the Ti layer is carried out (second etching
step). The etching conducted in this step is isotropic etching
(wet etching). As a result, the portions of the Ti layer which
are not covered with the mask 601 are removed, and only a
portion of the Ti layer which provides the specific layer 281
remains, as shown in FIG. 21 and FIG. 22.

Next, a conductive portion forming step is carried out.
Initially, ions are implanted into side walls of the trench 213
located at the short sides, at an angle inclined relative to the
vertical, upward direction of the semiconductor substrate, as
shown in FIG. 23 (ion implanting step). Since the mask 601 is
formed on the bottom wall of the trench 113, ions are pre-
vented from being implanted into the bottom wall of the
trench 113. Thus, ions that form p-type semiconductor
regions along the side walls of the trench 213 can be injected
into the side walls of the trench 213 located at the short sides.

Next, as shown in FIG. 24, an annealing treatment is con-
ducted, so that the injected ions are activated (activating step).
As a result, the p-type semiconductor regions (which pro-
vides the conductive portions 292) extending in the direction
of the depth of the semiconductor substrate along the side
walls of the trench 213 can be formed on respective parts of
the side walls of the trench 213 located at the short sides.
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Thereafter, the first insulating layer forming step and other
steps similar to those of the first embodiment are carried out,
so that the semiconductor device 200 as shown in FIG. 17 and
FIG. 18 is completed.

Effects obtained from the process of producing the semi-
conductor device 200 of this embodiment will be described.
According to the process of producing the semiconductor
device 200, the trench 213 is formed in the rectangular shape
having the long sides and the short sides, when observed from
the surface of the semiconductor substrate, in the trench form-
ing step. The specific layer 281 in the form of a Ti layer is
formed in the specific layer forming step. In the second etch-
ing step, portions of the Ti layer which cover the side walls of
the trench 213 located at the short sides and the side walls of
the trench 213 located at the long sides are removed. Then, the
conductive portion forming step is carried out between the
second etching step and the first insulating layer forming step.
The conductive portion forming step includes the ion
implanting step, in which ions are implanted into the side
walls of the trench 213 located at the short sides, at an angle
inclined relative to the vertical, upward direction of the semi-
conductor substrate. In this manner, the p-type semiconductor
regions that extend in the direction of the depth of the semi-
conductor substrate along the side walls of the trench are
formed in respective parts of the side walls of the trench 213
located at the short sides.

Thus, the conductive portions 292 that extend in the direc-
tion of the depth of the semiconductor substrate along the side
walls of the trench 213 are formed in parts of the side walls of
the trench 213, from the p-type semiconductor regions.

Modified Example

The invention is not limited to an arrangement in which the
conductive portions are formed of the same material, over the
entire length in the depth direction of the side walls, as in the
first and second embodiments. For example, as in a semicon-
ductor device 300 as shown in FIG. 25, conductive portions
390 each having a metal portion 391 and a semiconductor
portion 392 may be provided. The lower end, or a first end
portion 390a, of the conductive portion 390 coincides with
the lower end of the semiconductor portion 392. The first end
portion 390aq is connected to a specific layer 381. The upper
end, or a second end portion 3905, of the conductive portion
390 is exposed to the surface of the semiconductor substrate
302. A source electrode 333 is connected to a part of the
surface of the second end portion 3905. The metal portion 391
is a Ti layer, and the semiconductor portion 392 is a p-type
semiconductor region. The metal portion 391 and the semi-
conductor portion 392 are joined to each other at a junction
plane 390c¢, and are electrically connected to each other. The
junction plane 390c¢ is located at a lower level than the inter-
face between the drift region 312 and the body region 341.
The other arrangement of the semiconductor device 300 is
substantially identical with that of the semiconductor device
100; therefore, other components to which the reference
numerals that are larger by 200 than those used in FIG. 1
through FIG. 3 are assigned will not be repeatedly explained.

With the semiconductor device 300 constructed as
described above, the same effects as provided in the first and
second embodiments can be obtained; for example, the occur-
rence of breakdown has a reduced influence on the gate insu-
lating film 372. Also, since the semiconductor portion 392 is
located at a lower level than the interface between the drift
region 312 and the body region 341, the specific layer 381 is
brought into a floating condition when a forward bias voltage
is applied to the transistor, as in the second embodiment. As a
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result, the Schottky junction between the specific layer 381
and the drift region 312 can be used as a withstand voltage
supporting portion.

While the specific embodiments of the invention have been
described in detail, these embodiments are merely exemplary,
and are not meant to limit the scope of the invention. Rather,
the scope of the invention as defined in the appended claims
includes various modified examples of the illustrated
embodiments.

The semiconductor used in the semiconductor devices 100,
200, 300 according to the first and second embodiments and
modified example is not limited to SiC, but may be selected
from other types of semiconductors, such as silicon (Si),
gallium nitride (GaN), and gallium arsenide (GaAs). Also, the
metal layer used as the specific layer and the conductive
portion is not limited to the Ti layer, but may be a metal layer
formed of another metal, such as molybdenum (Mo), nickel
(N1i), or tungsten (W), which cooperates with the drift region
to form a Schottky junction. Also, the power MOSFET struc-
ture has been described in the illustrated embodiments, the
invention is not limited to this application. The same or simi-
lar effects can be obtained even if the technology of this
invention is applied to an IGBT structure, for example.

For each semiconductor region, p-type and n-type may be
switched to each other. Also, the insulating film is not limited
to the oxide film, but may be another type of insulating film,
such as a nitride film, or may be a composite film.

Other region, for example carrier storage layer, may be
disposed between the drift region and the body region as a
third region.

The technical elements described in this specification or
the drawings are technically useful when taken alone or in
various combinations thereof, and are not to be limited to the
combination as described in the claims at the time of filing of
this application. Also, the technologies illustrated in this
specification or the drawing are meant to achieve two or more
objects at the same time, and are technically useful when
achieving one of these objects.

The invention claimed is:

1. A semiconductor device comprising:

asemiconductor substrate including a body region of a first
conductivity type, a drift region ofa second conductivity
type having a surface on or above which the body region
is laminated, a trench that extends from a surface of the
semiconductor substrate into the drift region through the
body region, and a source region of the second conduc-
tivity type located adjacent to the trench in a range
exposed to the surface of the semiconductor substrate,
the source region being isolated from the drift region by
the body region;

a source electrode electrically connected to the source
region;

a drain electrode formed on a rear surface of the semicon-
ductor substrate;

a specific layer that is disposed on a bottom of the trench,
and has a characteristic of forming a depletion layer at a
junction between the specific layer and the drift region;
an insulating layer that covers an upper surface of the
specific layer and a side wall of the trench,

a gate electrode formed within the trench covered with the
insulating layer; and

aconductive portion formed on a part of the side wall of the
trench in a depth direction of the semiconductor sub-
strate, along the side wall of the trench, the conductive
portion having a first end portion that is joined to the
specific layer, and a second end portion that reaches the
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surface of the semiconductor substrate, the conductive
portion being connected to the source electrode,

wherein the specific layer comprises a metal layer, and a
Schottky junction is formed at the junction between the
specific layer and the drift region.

2. The semiconductor device according to claim 1, wherein
the conductive portion comprises the same metal layer as that
of the specific layer.

3. The semiconductor device according to claim 1, wherein
the conductive portion is formed by a semiconductor region
of the first conductivity type, and the first end portion of the
conductive portion is joined to the specific layer as the metal
layer.

4. The semiconductor device according to claim 1, wherein
a thickness of the insulating layer that covers the upper sur-
face of the specific layer is larger than that of the insulating
layer that covers the side wall of the trench.

5. The semiconductor device according to claim 1,
wherein:

the trench is formed in a rectangular shape having long
sides and short sides, when observed from the surface of
the semiconductor substrate;

the conductive portion is located adjacent to at least a part
of the side wall of the trench located at each of the short
sides thereof; and

the source region is located adjacent to at least a part of the
side wall of the trench located at each of the long sides
thereof.

6. A method of producing a semiconductor device having a
semiconductor substrate in which a body region of a first
conductivity type is laminated on or above a surface of a drift
region of a second conductivity type, and a trench is formed in
a range of the semiconductor substrate which is exposed to a
surface thereof, a source region of a second conductivity type
that is located adjacent to the trench and is electrically con-
nected to a source electrode, a drain electrode formed on a
rear surface of the semiconductor substrate, and a gate elec-
trode formed within the trench, comprising:

a trench forming step of forming at least one trench as said
trench which extends from the surface of the semicon-
ductor substrate, into the drift region, through the body
region;

a specific layer forming step of forming a specific layer on
a bottom of the trench, the specific layer having a char-
acteristic of forming a depletion layer at a junction
between the specific layer and the drift region;

a conductive portion forming step of forming a conductive
portion on a part of a side wall of the trench, the con-
ductive portion being joined to the specific layer;

a first insulating layer forming step of forming a first insu-
lating layer on inner walls of the trench;

a first etching step of etching the first insulating layer
formed in the first insulating layer forming step, so that
the lowest point of an upper surface of the first insulating
layer formed in the first insulating layer forming step,
within the trench, is located at a lower level than an
interface between the drift region and the body region;
and

a second insulating layer forming step of forming a second
insulating layer on the side wall of the trench,

wherein:

the trench is formed in a rectangular shape having long
sides and short sides, when observed from the surface of
the semiconductor substrate, in the trench forming step;
the conductive portion forming step is the same step as
the specific layer forming step;
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a metal layer that provides the specific layer and the con-
ductive portion is formed on the inner walls of the trench
in the specific layer forming step; and

a second etching step is further provided for removing
portions of the metal layer which cover side walls of the
long sides of the trench, such that portions of the metal
layer which cover side walls of the short sides of the
trench remain.

7. A method of producing a semiconductor device having a
semiconductor substrate in which a body region of a first
conductivity type is laminated on or above a surface of a drift
region of'a second conductivity type, and a trench is formed in
a range of the semiconductor substrate which is exposed to a
surface thereof, a source region of a second conductivity type
that is located adjacent to the trench and is electrically con-
nected to a source electrode, a drain electrode formed on a
rear surface of the semiconductor substrate, and a gate elec-
trode formed within the trench, comprising:

atrench forming step of forming at least one trench as said
trench which extends from the surface of the semicon-
ductor substrate, into the drift region, through the body
region;

a specific layer forming step of forming a specific layer on
a bottom of the trench, the specific layer having a char-
acteristic of forming a depletion layer at a junction
between the specific layer and the drift region;

a conductive portion forming step of forming a conductive
portion on a part of a side wall of the trench, the con-
ductive portion being joined to the specific layer;

a first insulating layer forming step of forming a first insu-
lating layer on inner walls of the trench;
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a first etching step of etching the first insulating layer
formed in the first insulating layer forming step, so that
the lowest point of an upper surface of the first insulating
layer formed in the first insulating layer forming step,
within the trench, is located at a lower level than an
interface between the drift region and the body region;
and

a second insulating layer forming step of forming a second
insulating layer on the side wall of the trench, wherein:

the trench is formed in a rectangular shape having long
sides and short sides, when observed from the surface of
the semiconductor substrate, in the trench forming step;
ametal layer that provides the specific layer is formed in
the specific layer forming step;

a second etching step is further provided for removing
portions of the metal layer which cover side walls of the
short sides of the trench and side walls of the long sides
of the trench;

the conductive portion forming step is carried out between
the second etching step and the first insulating layer
forming step; and

the conductive portion forming step includes an ion
implanting step of implanting ions into each of the side
walls of the short sides of the trench, at an angle inclined
relative to a vertical upward direction of the semicon-
ductor substrate, so that a semiconductor region of a first
conductivity type that extends in a depth direction of'the
semiconductor substrate along the side wall of the trench
is formed on a part of each of the side walls of the short
sides of the trench.
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